Abstract Shaping effects of the E-fishbone in tokamaks are investigated. Coordinates related to the Solov'ev configuration are used to calculate the precession frequency and kinetic contribution. It is shown that elongation does not change the precession frequency and the kinetic energy. Growth rates of the E-fishbone vary with elongation which essentially has destabilizing effects. For elongated tokamaks, triangularity has a stabilizing effect on the modes which play a compensative role. The results may apply to Sunist.
Introduction
Toroidal magnetic confinement fusion devices can suffer from magnetohydrodanymic (MHD) instabilities that lead to the disruption of plasma current and discharge termination. When the plasma pressure in such devices is raised to a certain level the internal kink modes become unstable [1∼4] . Internal kink instability is observed during an off-axis electron cyclotron current drive in the D -D tokamak [5] . In the positive magnetic shear, this mode becomes the fishbone instability [6] . Internal kink modes are also observed in JET [7] . E-fishbones have been studied in several papers [8∼10] . Previous studies have concentrated on tokamaks with circular cross section. However, D -D, JET and ITER are shaped tokamaks. This study stimulates the shaping effect on the modes [11] . First, using the energy principle [12, 13] , we derive a generalized criterion of the internal kink mode including necessary criterion of MERCIER [2] and sufficient criterion of LORTZ [3] . Lower hybrid current drive or electron cyclotron heating can generate energetic electrons which can make plasma unstable. The kinetic effects must then be considered. For Solov'ev configuration [14] , elongation cannot change the precession frequency and the kinetic energy [9] . This simplifies the analysis. Numerical results show that kinetic effects play an important role in MHD instabilities.
Growth rates of E-fishbones vary with elongation which essentially has a destabilizing effect. For elongated tokamaks, triangularity has a stabilizing effect on the modes which play compensable role, providing a stable region with a finite hot beta value. Internal kink modes often occur at the plasma center where the aspect ratio is large. The theory may apply to the first spherical torus in China, Sunist [15] .
Internal kink modes
The potential energy is written in the form [12] ,
where p is the plasma pressure, γ is the ratio of specific heat, and
is the perturbed magnetic field. In the Hamada coordinates, V, θ, ζ [16] , where V is the plasma volume, θ is the poloidal angle and ζ is the toroidal angle, the displacement can be expressed as follows,
B =χ e θ +φ e ζ ,
whereχ andφ are the derivatives of the poloidal and longitudinal magnetic fluxes, respectively, I and J the fluxes for the currents, the point and later the prime are the derivatives with respect to plasma volume V . σ and η are arbitrary parameters. We minimize δW with B · ∇η then we get
Then, the potential energy turns out to be
where
Ω represents the magnetic well. We set
Eq. (8) turns out to be
In the neighborhood of the magnetic axis, the square root of volume is taken as small parameter
The orderings of the diagonal components of metric tensor of Hamada coordinates are
The perturbations are expanded as follows,
where ξ m is the flute perturbation in the rational sur-
Since the shear appears after V 0 , ξ m will be concentrated in V < V 0 , this reflects the internal kink nature. Considering the order, we have
ξ 1 and ξ 2 could be expressed as
We minimize δW with respect to µ, set a = (V /2π 2 R) 1/2 and integrate over θ and ζ then obtain,
and
where the argument of u is a not volume V , ε is the elongation, and ι is the rotation transform. We consider the step current proposed by Shafranov [17] ,
whereJ 1 andJ 2 are constants,J 1 >J 2 .
Minimizing δW with respect to u we obtain the Euler equation,
We define
The boundary condition for u is u(b) = 0, where b is the position of the wall at infinity. Then we get
that is, ι 2 = n m + 1 .
The solution of Eq. (22) is
u i and u e are internal and external solutions about the boundary respectively, λ is an arbitrary parameter which comes from the general solution of Eq. (22). Integrating Eq. (22) across the boundary a 0 , we have
If we take ξ m = a m as a trial function then from Eq. (27) we get
.
The potential energy after elimination of u takes the form
From Ref. [3] we havë
where d characterizes the freedom of choosing the cross section of magnetic surfaces. We define the triangularity which is similar to the one defined by Lortz [3] ,
We consider the case in which b is infinite, that is, λ = 
where δ = 0 for the sufficient criterion of Lortz [3] and δ = ε and for the necessary criterion of Mercier [2] , δ = 1 is the result of the present paper. Using Eqs. (31) and (32), our criterion is
We can see from Eq. (33) that the triangularity of the plasma cross section has a stabilizing effect.
Kinetic effects on internal kink
Lower hybrid current drive or electron cyclotron heating can generate energetic electrons which can make plasma unstable. The kinetic effects have been noticed by many authors [6,8∼10,18] . When kinetic effects are included the internal kink dispersion relation takes the following form [6, 9, 10] ,
where the first term is the inertial contribution,
, ω is the mode frequency, n is the toroidal mode number, s is the magnetic shear, δŴ k is the kinetic part, δŴ f is the MHD term from Eq. (29),
We consider a simple solution for tokamak configuration obtained by Solov'ev [14] ,
where Ψ 0 is a constant, ε is the elongation, Q = 1 − β p , R and Z are normalized by R 0 which is the major radius at the magnetic axis. There is a set of coordinates closely related to the poloidal flux Ψ [14] ,
We constitute an invariant similar to Ref. [9] ,
The precession frequency is obtained from Hamiltonian equations,
For tokamaks with a large aspect ratio we have R = 1 + x 1 cos x 3 , similar to the one with a circular cross section. For the circulating particles [9] ,
where q is the safety factor, Ω p is the poloidal gyro-
, ω t the transit frequency, E(k) and K(k) are complete elliptic functions, σ is the direction of the circulating particle. For the Solov'ev configuration, elongation can not change the precession frequency and kinetic energy [9, 14] . All the hot electrons are concentrated inside the rational surface a 0 . The kinetic energy is [9] 
The dispersion relationship becomes
where β h is the hot electron beta, Z(Ω 1/2 ) is the plasma dispersion function, Ω = ω nω ,ω is the averaged precession frequency [8, 9] . The dispersion relationship is slightly different from that of the ion fishbone [6, 18] .
Numerical solution
The solution of the dispersion relation is obtained by using a standard nonlinear complex solver. It is assumed that β p = 0.25, ι = 1, m = 1, ∆ = 0 and
. We get Ω i versus ε in Fig. 1 where Ω i is related to the growth rate by γ = nωΩ i /2π. Fig. 2 gives the real frequencies. 
Triangularity has a stabilizing effect which plays a compensable role, providing a stable region with a finite hot electron beta value. If ∆ = 0.2, the E-fishbone becomes stable with β h = 0.014 from Fig. 3 . Fig.3 Ωi versus ∆, γ= nωc Ωi/2π, ε = 1.8, β = 100 β h =1. 4 
Summary
Using the energy principle [12] , we derive a generalized criterion for the internal kink mode including the necessary criteria of Mercier [2] and sufficient criteria from Lortz [3] . For the usual shape of the tokamak, our criterion lies in the middle of the sufficient criterion of Lortz and necessary criterion of Mercier. Lower hybrid current drive or electron cyclotron heating can generate energetic electrons which can make plasma unstable. The kinetic effects must be considered. Numerical results show that the kinetic effects play an important role on the MHD instabilities. For the Solov'ev configuration elongation can not change the precession frequency and the kinetic energy [9, 14] . Growth rates of E-fishbones vary with elongation which essentially has destabilizing effects. For elongated tokamaks, triangularity has stabilizing effects on the modes and plays a compensative role, providing a stable region with a finite hot beta value. E-fishbones often occur at the plasma center where the aspect ratio is large. The theory may apply to the first spherical torus in China, Sunist [15] . This theory may be helpful for understanding phenomena occurring in such tokamaks as D -D, JET and ITER. The elongation and triangularity can be controlled by shaping coils, therefore, the E-fishbones can be controlled to certain extent.
